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Laminin // heterotrimers are the major noncollagenous components of all basement membranes. To date, five , three
, and three  chains have been identified. Laminin 5 is expressed early in lung development and colocalizes with laminin
1. While laminin 1 expression in the lung is restricted to the embryonic period, laminin 5 expression persists
throughout embryogenesis and adulthood. Targeted mutation of the mouse laminin 5 gene Lama5 causes embryonic
lethality at E14–E17 associated with exencephaly, syndactyly, placentopathy, and kidney defects, all attributable to
abnormal basement membranes. In this investigation, lung development in Lama5/ mice up to E16.5 was examined. We
observed normal lung branching morphogenesis and vasculogenesis, but incomplete lobar septation and absence of the
visceral pleura basement membrane. Preservation of branching morphogenesis was associated with ectopic deposition of
laminin 4 in the airway basement membrane. Perturbation of pleural basement membrane formation and right lung
septation correlated with absence of laminin 5, which was found to be the only laminin  chain present in the normal
visceral pleura basement membrane. Our finding of normal lung branching morphogenesis with abnormal lobar septation
demonstrates that these processes are not obligatorily linked. © 2002 Elsevier Science (USA)
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Laminins are a family of heterotrimeric glycoproteins
integral to all basement membranes. Each laminin is com-
prised of an , , and  chain. To date 5 , 3 , and 3  chains
have been identified that associate to form at least 15
laminin trimers. In addition to a structural role, laminins
influence multiple cell functions, including adhesion, pro-
liferation, and differentiation (Timpl, 1996; Timpl and
Brown, 1994). Genetically distinct isoforms of laminin
chains impart heterogeneity and tissue specificity to base-
ment membranes (Lentz et al., 1997; Sanes et al., 1990). The
laminin  chain exhibits the most variability in the laminin
trimer. The pattern of laminin  chain expression is com-
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All rights reserved.plex, with some tissues undergoing a change in  chain
composition as development progresses (Miner et al., 1997;
Sorokin et al., 1997a). Laminin 5 is the largest laminin 
chain, and its expression is widespread throughout verte-
brate tissues (Miner et al., 1995). All five laminin  chains
are present in the lung during embryonic development, but
normal adult lung tissue contains primarily the laminin 3,
4, and 5 chains (Miner et al., 1997; Virtanen et al., 1996).
The presence of laminin 1 in the lung is restricted to the
first trimester, and it is mainly expressed in epithelial cells
(Pierce et al., 2000; Virtanen et al., 2000). Laminins 2 and
4 are produced by mesenchymal cells, while laminins 3
and 5 are produced by epithelial cells (Ekblom et al., 1998).
Laminin 1 and 5 are colocalized during early lung devel-
opment.
Laminins play an important role in lung development
(Relan and Schuger, 1999). Addition of laminin-1 (111)
antibodies to mouse embryonic lung explants caused a
reduction in explant growth, a marked decrease in branch-
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ing morphogenesis, and abnormalities of the bronchial tree
(Schuger et al., 1990b). Interactions of laminins with other
basement membrane constituents also affect lung morpho-
genesis. An association between laminin and heparan sul-
fate proteoglycan is needed for epithelial cell polarization
and lumen formation in organotypic rearrangements of lung
cells in culture (Schuger et al., 1996). In addition, inhibition
of laminin polymerization with proteolytic fragments of
laminin-1 disturbs bronchial smooth muscle cell differen-
tiation in organotypic cultures (Schuger et al., 1998).
Although laminin 1 clearly has an important role in
early lung development, the role of laminin 5 in lung
development has received limited attention. In this study,
we used the Lama5/ mouse to examine the role of
laminin 5 in lung development. Mice lacking laminin 5
exhibit embryonic lethality at E14–E17 associated with
defective anterior neural tube closure (exencephaly), failed
digit septation (syndactyly), an abnormal placental laby-
rinth, aberrant renal glomerulogenesis, and sporadic agen-
esis of one or both kidneys (Miner et al., 1998; Miner and Li,
2000). We found that lung development through the pseu-
doglandular stage in the Lama5/ embryo has normal
branching morphogenesis and vasculogenesis, but deficient
visceral pleura basement membrane formation and reduced
lobar septation of the right lung.
MATERIALS AND METHODS
Breeding and genotyping of mice. Production of Lama5/
mice has been described (Miner et al., 1998). Lama5/ mice were
maintained on a mixed 129/C57BL/6J background. Timed matings
of these mice were established to produce Lama5/ and wild-type
(WT) embryos of various ages. Noon on the day a vaginal plug was
detected was designated as E0.5. Genomic DNA was obtained from
embryo tails by using the Qiagen DNA kit (Qiagen, Carlsbad CA).
Homozygotes and heterozygotes were identified by using primers
specific for laminin 5 (WT allele) and lac Z (mutant allele), as
follows: laminin 5 sense, 5-TCAATCAGGACCGCTTCATC-3,
antisense, 5-CGTGAGCAATCTTCTCACTG-3 (508-bp product);
lac Z sense, 5-GCTACCAGTCAAGTGCTG-3, antisense, 5-
GGAATTCGCGAGCGTGTG-3 (345-bp product). PCR condi-
tions were: 94°C for 1 min, 60°C for 45 s, 72°C for 2 min, 30 cycles
total, and 72°C for 4 min.
RT-PCR and southern transfer. Timed matings of C57BL/6J
mice were arranged to obtain E11.5 embryos, from which the lung
buds were removed. Lung buds were pooled, and total RNA was
isolated by using the ToTally kit (Ambion, Austin, TX). One micro-
gram of RNA was reverse transcribed by using random hexamers, and
PCR was done by using primers for laminin 5 and GAPDH. Laminin
5 primers are listed above. The laminin 5 probe was 5-TCCAAT-
GGCCTACAGCAGCATCCTTCAGG-3; GAPDH primers and
probe: sense, 5-CCCCTTCATTGACCTCAACTACATGG-3, anti-
sense, 5-GCCTGCTTCACCACCTTCTTGATGTC-3, and probe,
5-GTTGTCATGGATGACCTTGG-3. PCR conditions were: 94°C
for 30 s, 65°C for 1 min, 72°C for 1 min, 24 cycles, 72°C for 5 min.
PCR products were separated in 1% agarose gels, transferred onto
BrightStar-Plus nylon membranes (Ambion), and hybridized with
32P-labeled oligonucleotide probes in 1 standard saline citrate (SSC),
1% sodium dodecyl sulfate (SDS), 1 Denhardt’s, and 50 g/ml
denatured salmon sperm DNA at 42°C overnight. Membranes were
washed in 6 SSC, 0.1% SDS for 15 min at room temperature, 15 min
at 52°C, and then exposed to autoradiographic film.
Antibodies. Mouse monoclonal antibody to thyroid transcrip-
tion factor 1 (TTF-1) was from DAKO Corporation (Carpinteria,
CA). Rat monoclonal antibody MEC 13.3 to platelet endothelial
cell adhesion molecule (PECAM) was from PharMingen (San Diego,
CA). Rat monoclonal antibody to murine laminin 1 was a gift
from Dr. Dale Abrahamson (University of Kansas Medical Center).
Rat monoclonal antibodies to murine laminin 2 and 1 were
purchased from Alexis Biochemicals (San Diego, CA) and Chemi-
con International Inc. (Temecula, CA), respectively. Rabbit poly-
clonal antibody to murine laminin 3 was a gift from Dr. Guerrino
Meneguzzi (University of Nice, France). Rabbit polyclonal antibod-
ies to murine laminin 5 and entactin-1 were produced as described
(Miner et al., 1997; Senior et al., 1996). Goat polyclonal antibody to
human 1 and 2 chains of type IV collagen was purchased from
Southern Biotechnology Associates, Inc. (Birmingham, AL). FITC-
and TRITC-conjugated anti-rabbit and anti-rat secondary antibod-
ies were purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA). FITC-anti-mouse IgG2b secondary antibody was
purchased from ICN Biomedicals, Inc. (Costa Mesa, CA).
A monoclonal antibody to laminin 4 was developed by immu-
nizing a Lama4/ mouse (Patton et al., 2001; Thyboll et al., 2002)
with a mouse laminin 4 bacterial fusion protein. Hybridomas
were generated by standard methods and screened on SDS-
denatured sections of newborn mouse lung. A single reactive
monoclonal antibody (clone 1G5, IgG2b) was identified. This
antibody stained tissues in a manner consistent with previous
results (Miner et al., 1997), but did not stain Lama4/ tissues.
Immunofluorescence microscopy. Embryos were immersed in
Tissue Tek OCT embedding medium (Sakura Finetek, Torrance,
CA), frozen in liquid nitrogen-cooled 2-methylbutane and sec-
tioned at 6 m on a cryostat. Sections were blocked with 10%
normal goat serum in 1%BSA/PBS for 30 min, then incubated with
primary antibody diluted in 1%BSA/PBS for 1 h. Slides were then
washed three times with PBS, for 10 minutes each, and incubated
with secondary antibody diluted in 1%BSA/PBS for 1 h. Slides were
again washed three times in PBS and mounted in Vectashield
(Vector Laboratories, Temecula, CA). For laminin 4 staining,
sections were fixed in 4% paraformaldehyde for 10 min, washed in
PBS, treated with 0.1 M glycine for 10 min, washed in PBS, treated
with 0.1% SDS at 55°C for 1 h, washed in PBS, blocked, and stained
as with other antibodies. Sections were fixed in ethanol prior to
staining with PECAM antibody.
In situ hybridization. 35S-labeled riboprobes were prepared
from linearized laminin 5 cDNA templates (Pierce et al., 1998)
and used for in situ hybridization as previously described (Senior et
al., 1996). Negative controls consisted of sections hybridized with
[35S]-labeled sense probes.
For the Gli2 riboprobe, a fragment of the EST X99104 correlating
to Gli2 was excised with EcoRI and PstI and subcloned in pBlue-
script SK (Stratagene, La Jolla, CA). Antisense and sense probes
were generated after the plasmid was linearized with appropriate
restriction enzymes and transcribed in vitro in the presence of
digoxigenin-labeled UTP (Roche, Indianapolis, IN). Digoxigenin-
labeled riboprobes were prepared from linearized Fgf9 cDNA tem-
plate (gift from D. Ornitz, Washington University School of
Medicine). Frozen sections (12 m) were fixed with 4% paraformal-
dehyde, washed with DEPC-treated PBS, soaked in acetylation
solution (0.1 M triethanolamine, pH 8.0, containing 0.25% acetic
anhydride), washed with DEPC-treated PBS, incubated with hy-
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bridization buffer (50% formamide, 5 SSC, 5 Denhardt’s, 250
g/ml baker’s yeast RNA, 500 g/ml salmon sperm DNA), and
hybridized with 0.2–0.4 ng/l cRNA in hybridization buffer over-
night at 65°C. After hybridization, slides were washed four times
with 0.2 SSC at 65°C for 45 min each, with a final wash at room
temperature. Slides were then covered with B1 buffer (0.1 M Tris,
pH 7.5, 0.15 M NaCl) for 5 min, blocked for 1 h with 10%
heat-inactived goat serum in B1 buffer, and exposed to anti-DIG
antibody in 1% heat-inactivated goat serum in B1 buffer overnight
at 4°C. The following day, slides were washed in B1 buffer, soaked
in B3 buffer (0.1 M Tris, pH 9.5, 0.1 M NaCl, 50 mM MgCl2) for 5
min, exposed to developing solution [B3 buffer with 0.4 mM
5-bromo-4-chloro-3-indolyl phosphate (BCIP) and 0.4 mM ni-
troblue tetrazolium salt (NBT)] for 6–24 h in the dark at room
temperature, washed with TE (10 mM Tris, pH 7.5, 0.1 mM EDTA),
and mounted in glycerol.
Electron microscopy. For scanning electron microscopy, lungs
from E16.5 embryos were fixed in 4% glutaraldehyde in 0.1 M
sodium cacodylate buffer, postfixed with aqueous 1% osmium
tetroxide, dehydrated through an ethanol series, critical point dried
from liquid CO2, sputter-coated with 50 nm gold, and examined by
using a Hitachi S-450 scanning electron microscope (Tokyo, Japan)
operated at 20 kV. For transmission electron microscopy, lungs
from E16.5 embryos were fixed in 3% glutaraldehyde in 0.1 M
sodium cacodylate buffer, postfixed with aqueous 1.25% osmium
tetroxide, stained with 2% tannic acid in 0.1 M sodium cacodylate
buffer for 1 h, stained with 4% aqueous uranyl acetate for 1 h,
dehydrated through an ethanol series, embedded in Polybed, sec-
tioned on a Reichert-Jung Ultra Cut, poststained in 4% uranyl
acetate and lead citrate, and viewed on a Zeiss 902 Electron
Microscope. All reagents for electron microscopy were purchased
from Electron Microscopy Sciences (Ft. Washington, PA), except
for Polybed (Polysciences, Warrington, PA) and tannic acid (Sigma,
St. Louis, MO).
Histology and immunohistochemistry. Embryos were fixed in
10% neutral buffered formalin, dehydrated in graded ethanols, and
embedded in paraffin. Sections (5 m) were deparaffinized and
stained with hematoxylin and eosin for light microscopy. For
TTF-1 immunohistochemistry, 5-m sections were deparaffinized,
rehydrated, antigen unmasked with Reveal (Biocare Medical, Carls-
bad, CA) via pressure cooker, and exposed to TTF-1 antibody
(1:250) by using the MOM kit from Vector Laboratories (Temecula,
CA). The tissues were stained according to the MOM kit protocol.
After development with DAB, tissues were counterstained with
hematoxylin.
Lung bud culture. Lung rudiments dissected from E12.5 em-
bryos were maintained for 72 h at 37°C on Transwell filters
(Corning Costar, Cambridge, MA) in DMEM with 10% fetal bovine
serum (JRH Scientific, Lexana, KS), 2 mM glutamine, and 1%
antibiotic/antimycotic (Sigma Chemical Co.). Branching morpho-
FIG. 1. Laminin 5 is expressed during early lung development. (A) RNA was extracted from lungs of WT E11.5 embryos, and RT-PCR
was performed with primers for laminin 5 and GAPDH (internal control). Adult WT mouse lung was used as a positive control. Laminin
5 mRNA was present in E11.5 lung. (B) Darkfield view of WT E12.5 lung hybridized in situ for laminin 5. Positive signal is visible as silver
grains in the developing airway (arrows) and the visceral pleura (arrowheads). Original magnification, 100.
FIG. 2. Deposition of laminin  chains in developing WT and Lama5/ lungs. Sections from E16.5 WT (A–E) and Lama5/ (F–J) lungs
were stained with antibodies to laminins 1–5. In WT lungs, laminins 1, 2, 3, and 5 were detected in the airways (A, B, C, E). Laminin
4 was not present in the airways of WT lungs but surrounded smooth muscle cells of large airways (D). Arrowheads point to the border
between lung and chest wall formed by the visceral pleura. Laminin 5 was the only laminin  chain deposited in the visceral pleura
basement membrane (E). In the Lama5/ lung, deposition of laminins 1, 2, and 3 was detected in the airway (F–H), similar to that seen
in the WT lung (A–C). However, deposition of laminin 4 was also observed in the airway basement membrane (arrows) in addition to
pericellular staining of airway smooth muscle cells of Lama5/ lungs (I). In the absence of laminin 5, the visceral pleura did not show any
laminin  chain deposition (F–I). As expected, Lama5/ mouse lung showed no staining with antibody against laminin 5 (J). Original
magnification, 100 for (A–C), (E), (F–H) and (J); 400 for (D) and (I).
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genesis was quantified by counting terminal peripheral end buds at
0, 24, 48, and 72 h in culture. These experiments were done in
triplicate.
Morphometry. Quantification of cell population and airway
and vessel area was performed by using Chalkely point analysis
(Chalkely, 1943). A Chalkely point grid was applied to sections
stained with antibody against TTF-1 and visualized at 100
magnification. The numbers of points overlaying airway epithelial
cells, mesenchymal cells, airway lumen, and vessel lumen were
counted for each field. Ten random fields were quantified for each
FIG. 3. Deposition of basement membrane proteins in developing WT and Lama5/ lungs. Sections from E16.5 WT (A–D) and Lama5/
(E–H) lungs were stained with antibodies to laminin 1, entactin-1, and type IV collagen, as indicated. Parenchymal deposition of laminin
1, entactin-1, and type IV collagen was seen in identical areas for both WT and Lama5/ lungs. The visceral pleura showed deposition of
laminin 1, entactin-1, and type IV collagen in the WT lung (A–C) but not in the Lama5/ lung (E–G). Higher magnification of the edge
of the lung shows continuous deposition of type IV collagen in the visceral pleura of control (D) but not Lama5/ lung (H). Original
magnification, 100 for (A–C) and (E–H); 400 for (D) and (H).
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FIG. 4. Defects in lung septation and absent visceral pleura basement membrane. (A, B) Scanning electron micrographs of E16.5 WT and
Lama5/ lungs. The dorsal view of WT lungs (A) shows the right lung to be septated into cranial (crl), medial (ml), and caudal (cl) lobes.
The accessory lobe of the WT lung is ventral and is not seen in this view. Dorsal view of the Lama5/ lung (B) shows incomplete septation
where the caudal lobe is separating from the remainder of the right lung (black arrows). There is no evidence of septation of the cranial lobe,
the medial lobe, or the accessory lobe (white arrow). (C–F) Transmission electron micrographs of the visceral pleura of E16.5 WT and
Lama5/ lungs. Mesothelial cells (m) line the visceral pleura in both WT (C) and Lama5/ (D) lung. Mesothelial cells tended to be more
cuboidal in the WT as compared with the Lama5/, which appeared more flattened. Boxes in (C) and (D) represent areas seen at higher
magnification in (E) and (F). (E) The basement membrane (arrows) is seen as a continuous linear deposit under the mesothelial cells in the
WT pleura. (F) No basement membrane is evident in the Lama5/ pleura. Small collections of electron dense material (arrows) can be seen
at the basal surface of the Lama5/ mesothelial cell. Collagen fibrils (*) are present in the interstitium of both WT and Lama5/ pleura.
For (A) and (B) bar  500 m; for (C) and (D), bar  1.5 m, for (E) and (F), bar  280 nm.
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FIG. 5. Histology and morphometry of developing WT and Lama5/ lungs. Paraffin sections of lungs at E12.5 (A and B) and E16.5 (C and
D) were stained with hematoxylin and eosin. At E12.5, the defect in septation of the Lama5/ right lung is evident (arrows in A and B).
The lung parenchyma appears similar in the age-matched WT and Lama5/ embryos. For morphometry, E16.5 TTF-1 stained sections were
used for point analysis. Points hitting airway epithelial cells, mesenchymal cells, airway lumen, and vascular lumen were totaled for each
grid. Ten grids each from three different sets of WT and Lama5/ lungs were counted. (E) The hatched bars represent the WT population
and the dotted bars represent the Lama5/ population. No statistically significant differences existed between WT and Lama5/ lungs in
the four variables measured. Error bar  SD. (A–D) Original magnification, 100.
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tissue section, and 378 total points were counted per field. One
section each from 3 separate sets of E16.5 WT and Lama5/ lungs
was evaluated. Data were pooled to determine the means and
standard deviations.
RESULTS
Distribution of laminin 5 in embryonic murine lungs.
To assay for expression of laminin 5 during the earliest
stages of mouse lung development, we pooled six lungs
from E11.5 C57BL/6J embryos and performed RT-PCR for
laminin 5. Laminin 5 was expressed as early as E11.5 (Fig.
1A). By in situ hybridization of E12.5 lungs, we saw strong
signal for laminin 5 in epithelial lung buds and in the
mesothelial cells of the visceral pleura (Fig. 1B). These data
expand upon our previous studies, which showed expres-
sion of laminin 5 mRNA in E15.5 pleura and airway
epithelia and expression of laminin 5 protein in adult
alveolar basement membranes (Miner et al., 1997).
Distribution of laminin  chains and other basement
membrane proteins in WT and Lama5/ mouse lungs.
Since Lama5/ mice do not survive beyond E17, we studied
lungs from younger Lama5/ and littermate control em-
bryos. Immunohistochemical staining of lung sections with
antibodies against laminin 1–4 chains was performed to
determine whether the lack of laminin 5 affected expres-
sion and/or distribution of the other laminin  chains.
Laminin 1, 3, and 5 chains are normally associated with
epithelial cells, and laminin 2 and 4 chains are associated
with mesenchymal cells (Pierce et al., 1998). Figures 2 and
3 show immunofluorescence for laminin 1–5 chains, lami-
nin 1 chain, type IV collagen, and entactin-1 in E16.5
embryonic lungs of Lama5/ and WT littermates. All five
of the laminin  chains were present in the normal devel-
oping mouse lung. Laminins 1, 2, 3, and 5 were
detectable in the basement membranes of airways, whereas
laminin 4 was detected along large airways associated
with smooth muscle cells and in the mesenchyme associ-
ated with the vasculature (Figs. 2A–2E). In the Lama5/
lung (Figs. 2F–2J), laminin 1, 2, and 3 chains appeared to
be distributed identically as compared with WT control.
Pericellular staining of laminin 4 was seen in the smooth
muscle cells underlying the airway epithelium in the WT
lung without actual basement membrane staining. How-
ever, in the Lama5/ lung, laminin 4 was found ectopi-
cally in the airway epithelial basement membrane, as well
as in its usual locations (Fig. 2I). Thus, laminin 1–5 chains
are all present in the normal E16.5 lung, and one change in
the laminin 5-deficient lung is deposition of laminin 4 in
the airway basement membrane.
It is notable that, while all laminin 1–5 chains were
found in the lung parenchyma in various locations, only
laminin 5 was observed in normal visceral pleura (Fig. 2E).
Interestingly, the pleura did not display compensation for
the absence of laminin 5, as the laminin 5-null mouse
pleura did not show staining for any other laminin  chains
(Figs. 2F–2I). An important additional finding was that
staining of the Lama5/ pleura for other basement mem-
brane proteins, including laminin 1, type IV collagen, and
entactin-1, was negative (Fig. 3). Accordingly, it appears
that without laminin 5 a typical basement membrane is
not assembled in the visceral pleura.
Defect in lobar septation and lack of pleural basement
membrane formation. In normal mice, the right lung is
divided into four lobes: cranial, medial, caudal, and acces-
sory. The Lama5/ right lung always exhibited some
degree of incomplete lobar septation, though partial septa-
tion was evident. Scanning electron microscopy of E16.5
lungs clearly depicts this defect (Figs. 4A and 4B). Trans-
mission electron microscopy shows lack of basement mem-
brane in the visceral pleura of Lama5/ lungs, while other
subpleural extracellular matrix components appear similar
FIG. 6. In vitro branching morphogenesis. Lung buds were re-
moved from E12.5 WT and Lama5/ embryos and grown in culture
for 72 h. Photographs were taken of WT (A–D) and Lama5/ (E–H)
lung buds at time of explant and after 24, 48, and 72 h in culture.
Growth of lung buds was similar in WT and Lama5/ explants.
Terminal peripheral airway buds were quantified and averaged (
SD) for each time point (I). No statistically significant differences
between the control and Lama5/ lungs were observed. Original
magnification, 40.
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to the WT (Figs. 4C and 4D). On higher magnification, a
continuous basement membrane is seen along the basal
side of the mesothelial cell in WT lungs (Fig. 4E). In the
Lama5/ visceral pleura (Fig. 4F), no basement membrane
is seen, although there are rare scattered deposits of
electron-dense material that may contain some compo-
nents of basement membrane. Other interstitial matrix
such as collagen is present in both WT and Lama5/
pleura. By immunofluorescence (Fig. 2E), laminin 5 was
the only laminin  chain present in the normal visceral
pleura.
Histology of Lama5/ lungs. As laminin 5 is widely
distributed in the lung, we wanted to determine the effects
of the absence of laminin 5 on lung parenchyma develop-
ment and structure. By conventional light microscopy,
lungs of Lama5/ embryos were similar to those of WT
littermates at E12.5 and E16.5 (Figs. 5A–5D). Lama5/
mice are smaller than their WT littermates, and their lungs
were accordingly smaller. Aside from incomplete lobar
septation, which can be seen as early as E12.5, no major
histological defects were detected in Lama5/ lungs.
Quantification of anatomy. To further compare the
structure of the Lama5/ and WT lungs, the proportions of
airway epithelial cells, mesenchymal cells, airway lumen,
and vascular lumen of E16.5 lungs were quantified by point
analysis of tissues stained with antibody against TTF-1. In
the lung, TTF-1 is found only in airway epithelial cells.
Points overlaying airway epithelial cells, mesenchymal
cells, airway lumen, and vascular lumen were totaled. Ten
fields each from three separate sets of WT and Lama5/
lungs were averaged, and the data are shown in Fig. 5E.
There were no statistically significant differences in airway
epithelial cell number, mesenchymal cell number, airway
lumen area, or vascular lumen area between WT and
Lama5/ murine lungs.
Lung branching morphogenesis. Previous experiments
using in vitro cultures of early lung buds (E11.5–E13.5) have
demonstrated inhibition of branching morphogenesis in the
presence of antibodies to various domains of laminin-1
(1/1/1) (Schuger et al., 1991, 1997). Laminin 5 is
colocalized with laminin 1 in the pseudoglandular stage of
lung development (Fig. 2), so we hypothesized that 5 may
also be required for lung branching morphogenesis in vitro.
Accordingly, we removed E12.5 WT and Lama5/ lung
buds and cultured them for 3 days. Photographs of the lung
buds were taken on the day of explant and after 24, 48, and
72 h in culture (Figs. 6A–6H), and the numbers of peripheral
terminal airway buds were counted. Figure 6I shows that
branching morphogenesis was similar in WT and Lama5/
lung bud explants in vitro.
To evaluate epithelial cell differentiation in vivo, immu-
nohistochemical analysis of expression of TTF-1 was per-
formed at E16.5. Figure 7 shows that the pattern of staining
with antibody against TTF-1 was similar in E16.5 WT and
Lama5/ lungs. In both, there was less intense staining of
proximal airways as compared with distal airways, similar
to human embryonic lung stained with TTF-1 antibody
(Pierce et al., 2000). Thus, by in vitro and in vivo analysis,
Lama5/ lungs up to E16.5 do not exhibit defects in
branching morphogenesis.
Vascular development. Development of the vascula-
ture of the lung occurs concurrently with the development
of the epithelial structures of the lung. Laminin 5 is
present in basement membrane of murine blood vessels
during both development and adulthood (Sorokin et al.,
1997b). Thus, the absence of laminin 5 could affect vascu-
larization of the lung. The vascular development of lungs of
Lama5/ mice was evaluated by immunohistochemical
analysis with an antibody against PECAM. PECAM stain-
ing showed that development of blood vessels in the lungs
of Lama5/ mice matched that of the WT control litter-
mates (Fig. 8). Normally, the vascular network in the lung
closely follows the bronchial and alveolar networks, so our
finding of normal vascular development is consistent with
the finding of normal development of the bronchial tree.
DISCUSSION
Laminins are major components of basement mem-
branes, and considerable evidence indicates that laminin is
essential for lung development. Perturbation studies with
blocking antibodies, proteolytic fragments, and synthetic
laminin-1 peptides in embryonic lung explants and organo-
typic cultures suggest that abnormalities of laminin assem-
bly and function severely affect lung branching morphogen-
esis (Schuger et al., 1990a, 1992, 1995). The developing lung
contains laminin 1–5 chains, but most studies of laminin
in lung development have focused on components of
laminin-1 (111). Recent investigations demonstrated
laminin 5 in both developing and adult lungs (Miner et al.,
1997; Pierce et al., 2000). Here, we examined lung develop-
ment in the Lama5/ mouse. The Lama5/ mouse dies at
E14–E17, allowing investigation of lung development
through the pseudoglandular stage (E9.5–E16.5) when for-
mation of the bronchial epithelial tree occurs, but not at
later stages when terminal differentiation of epithelial cells,
maturation and communication of peripheral and central
vessels, and alveolization occur.
Lama5/ mice showed abnormal lobation of the right
lung, suggesting a role of laminin 5 in lung development.
Laminin 5 was shown in previous studies to be present in
the adult mouse alveolar basement membrane and in fetal
mouse lung at E15.5 and E17.5 in the epithelial lung buds
(Miner et al., 1997). In developing human lung, laminin 5
is present as early as the first trimester and is seen in airway
and alveolar basement membranes (Pierce et al., 2000).
Distribution of laminin 5 in the lung pleura was not
examined in these previous studies. The present study
shows that laminin 5 is present in the visceral pleura
basement membrane in addition to airway epithelial base-
ment membrane and that laminin 5 is expressed as early
as E11.5 in mouse lung development. While pleural base-
ment membrane contains laminin, the specific isoforms
239Laminin 5 and Lung Development
© 2002 Elsevier Science (USA). All rights reserved.
have not been previously defined (Rennard et al., 1984). We
found that laminin 5 is present and that it is the only
laminin  chain in the pleura of developing mouse lung (Fig.
2). With complete deficiency of laminin 5, Lama5/ mice
had no staining for any laminin  chain in the visceral
pleura. This deficiency led to an absence of laminin under-
lying the visceral pleura and failure to form a basement
membrane.
The mechanisms and genetic basis for lung septation are
unknown and spontaneous pulmonary lobation anomalies
are rare (Banerjee and Durloo, 1973; Matsubara et al., 1984;
Morita et al., 1987). Phenotypes of abnormal lobar septation
have usually been linked with abnormal branching morpho-
genesis. Previous work in the rat on lobation abnormalities
identified an autosomal recessive gene, fused pulmonary
lobes (fpl) (Aoyama et al., 1988). In addition to fused right
lobes, these rats had hypoplasia of the intermediate lobe
and branching abnormalities in the right bronchial trees
(Aoyama et al., 1993). The abnormal distribution of extra-
cellular matrices between the endodermal bronchial buds
and the surrounding mesenchyme was thought to cause a
delay in both branching and lobation anomalies (Aoyama et
al., 1994). Similar to the fpl rat, Gli2-null and heterozygous
Foxf1 mice also have lobar septation abnormalities in
conjunction with defective branching morphogenesis (Mo-
toyama et al., 1998; Lim et al., 2002). Gli1, Gli2, and Gli3
are expressed in the mesenchyme and encode transcription
factors implicated in sonic hedgehog (Shh) signaling, which
is important for lung branching morphogenesis. The fork-
head box (Fox) transcription factor genes are also important
for embryonic development, including cell differentiation
and lung branching morphogenesis, and some evidence
exists for an association between the Fox and Gli signaling
pathways. Examination of Foxf1 heterozygous lungs reveals
a decrease in expression of Gli2 and Gli3, in addition to a
decrease in Fgf10 and Bmp4, which have all been shown to
affect branching morphogenesis. Within the Gli family,
only the Gli2-null mouse exhibits abnormal lobation; mat-
ings to yield combined Gli1/Gli2, Gli2/Gli3, or Gli1/Gli3
double mutants result in lobar septation defects only when
a mutation in Gli2 is present. This strongly supports a role
of Gli2 in lobar septation, although the precise mechanism
is unknown. However, by in situ hybridization we found no
difference in the expression of Gli2 in the Lama5/ mouse
compared with the WT littermate (data not shown). Al-
though Gli2 expression was unchanged in the Lama5/
mouse, a link between laminin 5 and Gli2 cannot be
formally excluded since yet unknown downstream targets
responsible for lobar septation signaled by Gli2 may be
affected by the absence of laminin 5, without a direct
effect in the Gli2 expression. Data from the fpl rats and Gli2
and Foxf1 mice suggested a link between lobar septation
and branching morphogenesis, but the present study clearly
shows that dissociation of the two processes can occur.
Fibroblast growth factors (Fgfs) are important in lung
development, and Fgf9 is found in the mouse pleura and
airways in early embryos and in pleura alone in later
embryos (Colvin et al., 2001). Fgf9/ mice have lung
hypoplasia, reduced mesenchyme, and decreased airway
branching. Because Fgf9 is found in the pleura and members
of the Fgf family often mediate epithelial–mesenchymal
interactions, we examined Lama5/ mice for alterations in
expression of Fgf9, particularly in the pleura. By in situ
hybridization, expression of Fgf9 in both Lama5/ and WT
littermate lungs was consistent with published data (data
not shown). Therefore, abnormal lobar septation in the
Lama5/ mouse is not a result of alterations in patterns of
Fgf9 expression. Integrin 3- and 6-deficient compound
mutant mice also exhibit hypoplasia and a single-lobed
right lung, similar to the Lama5/ mice (De Arcangelis et
FIG. 7. In vivo branching morphogenesis. Paraffin sections of E16.5 WT (A) and Lama5/ (B) lungs were stained with antibody against
TTF-1 to localize airway epithelial cells. In both WT and Lama5/ lungs, similar positive brown staining is seen in airway epithelial cells.
Original magnification, 100.
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al., 1999). Laminins 10/11, which contain the laminin 5
chain, are ligands for integrin 31 and 61 (Kikkawa et
al., 1998; Tani et al., 1999), so it is not unexpected that the
compound integrin 3/6 mutant has phenotypes similar to
those observed in the Lama5/ mouse. In addition to lobar
septation defects, Lama5/ mice also exhibit abnormal
septation of the digits of the limbs due to local structural
deficiencies of the surface ectoderm basement membrane
(Miner et al., 1998). Thus, lobar and digit septation may be
mechanistically related developmental processes that de-
pend on basement membranes containing laminin 5.
Abnormal lobar septation was seen in every Lama5/
mouse, but the degree of the defect varied. The basis for this
variance is unknown. Interestingly, the septation defect in
the Foxf1 heterozygous mouse shows even greater variance,
with some more affected than others and some not affected
at all. Other phenotypes seen in the Lama5/ mouse also
display incomplete penetrance, such as exencephaly, which
occurs in varying degrees in 60% of the mice, and syndac-
tyly, which is more severe in the forelimbs than hindlimbs.
Normal branching morphogenesis of the Lama5/
mouse lung contrasts with several other branching organs
of the Lama5/ mouse. The kidney displays marked de-
fects in ureteric branching (Miner and Li, 2000), as do the
salivary glands (J.H. Miner and M.P. Hoffman, unpublished
observations). The explanation for the difference between
the lung and these organs is not obvious, but one explana-
tion for normal lung branching morphogenesis in the
Lama5/ mouse is that laminin 1, 2, or 3, which are
present in these mutant mice, may be critical for branching
morphogenesis, while laminin 5, though it is normally
present, is not required. Alternatively, laminin 4, which is
not usually found in the airway basement membrane but
was present in the airway basement membrane in the
absence of laminin 5, may compensate for the deficiency
FIG. 8. Vasculogenesis of developing WT and Lama5/ lungs. Sections of E16.5 WT and Lama5/ lungs were stained with antibody
against PECAM and entactin-1. PECAM staining shows similar networks in both WT (A) and Lama5/ (B) lungs. Double staining for
PECAM (red) and entactin-1 (green) in both WT (C) and Lama5/ (D) lungs shows blood vessels (bv) present near large airways (aw) and
microvessels forming in the mesenchyme adjacent to airways. Original magnification, 200.
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of laminin 5, allowing branching morphogenesis to pro-
ceed undisturbed.
Recent studies of the developing lung suggest a link
between epithelial branching morphogenesis and vascular
development (Zeng et al., 1998). The mechanism(s) by
which a change in one system affects development of the
other system is unknown. Since laminin 5 is found in
airways and blood vessels, we examined vascularization of
the Lama5/ lung. Immunohistochemical staining for
PECAM-1 yielded similar results in lungs of WT and
Lama5/ mice, suggesting that vascularization up to E17 is
not affected by the lack of laminin 5. A continuous and
clearly demarcated vascular network is not present until
the terminal sac stage (E17.5–P5) (deMello et al., 1997), but
many Lama5/ embryos die before reaching E17, making it
difficult to visualize the capillary endothelial basement
membrane and determine the effects of the lack of laminin
5. In addition, normal development of the vasculature to
E17 implies that laminin 5 is not the molecule responsible
for the cross-talk between branching morphogenesis and
vascular development.
Although laminin 5 is apparently required for visceral
pleura basement membrane formation and lobar septation,
the role of laminin 5 at later stages in lung development
(after E17) is still unknown. A role in alveologenesis or cell
differentiation, especially of alveolar epithelial cells, is
possible since laminin 5 is prominent in the alveolar
basement membrane. Extracellular matrix and basement
membranes affect cell differentiation and phenotype
(Lwebuga-Mukasa et al., 1984; Rannels et al., 1987a; Sannes
and Wang, 1997; Woodcock-Mitchell et al., 1989). In par-
ticular, alveolar type II cell phenotype and morphology are
maintained when cultured on a matrix containing laminin
(Dunsmore et al., 1995; Dunsmore and Rannels, 1996;
Rannels et al., 1987b). Laminin-1 influences multiple lung
epithelial cell functions including adhesion, proliferation,
polarization, and differentiation (Kleinman et al., 1993;
Matter and Laurie, 1994; Schuger et al., 1991, 1992, 1995).
Laminin 5 has adhesive activity for a number of cell types,
including A549 cells, which is a human cell line with
features of alveolar type II cells (Kikkawa et al., 1998; Tani
et al., 1999). Alveolar epithelial cells are intimately associ-
ated with the basement membrane, so it is likely that
laminin 5 in the basement membrane affects alveolar
epithelial cell function and differentiation during lung
development. Current techniques, such as production of
organ-specific inducible knockout/transgenic mice and
transplantation of embryonic organs under the kidney cap-
sule or skin of nude mice, may be used in future studies to
circumvent embryonic lethality and help to define the
function of laminin 5 in later stages of lung development
(Schwarz et al., 2000).
In summary, complete deficiency of laminin 5 does not
perturb branching morphogenesis or vasculogenesis of the
lung but is associated with incomplete lobar septation and
lack of formation of the visceral pleura basement mem-
brane. The mechanisms for these defects are not known,
but do not appear to involve Gli2 or Fgf9. The role of
laminin 5 in later stages of lung development remains to
be determined, but considering its prominence in the nor-
mal alveolar basement membrane, laminin 5 deficiency
may have important consequences for alveolization, alveo-
lar cell differentiation, and phenotypic stability.
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